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abstract  Pasleurrlla  pestis  found  to  occur  at  a  mutation 

Brubaker,  Robert  R.  (U.  S.  Armv  Bio-  rate  of  10~4  l1®****  an'1  Sn,ith*  l!m|)-  Al* 
logical  Laboratories,  Fort  Detrick,  Frederick,  by  Surgalla  (l«iO),  this  specific  mutation 

Md.)  and  Michael  J.  Surgalla.  Pesticin*.  I.  to  avirulem-e  is  characterized,  in  the  ca**s  stmli.il 
I’csticin-bacterium  interrelationship,  and  en-  bv  vanww  ""rk‘,r*  »*  th,s  Mwnitniy,  by  a  con- 
vironmental  factors  influencing  activity.  J.  "'"''taut  loss  of  sensitivity  to  glucose  (Wcssman. 
Bacteriol.  82:  MO-049.  1961-A  second  Imcterio-  and  »SurW»l,a;  l«W)  ami  production  of 

ein-like  sulwtance  produced  by  all  testisl  strains  ' irulcncc  antigens  (Burrows  and  Bacon, 

of  Pastcurella  peslis  and  P.  pseiidohiberctilasis  is  1 9i»l»>  in  addition  to  the  (a44  n*|uiremcnt  re¬ 
described.  This  activity,  termed  |>estiein  II,  is  |s>rtcil  In  Higuchi.  KupfcrixTg.  and  Smith, 

active  against  the  two  avirulent  /*.  pestis  strains,  (1059).  I  he  mechanism  whereby  the  almve  three 

A12.  and  Java.  Thttn*  Mtmitin  do  not  prutlurr  wrtrrinl  pn»|K»rtic*  plu*  viruk'fiw  are  sii.*ul- 

pesticin  I,  which  inhibits  the  growth  of  tvjx*  f  tanenusl}  lost  at  a  high  rate  may  Is*  dissimilar  to 
strains  of  P.  pseudoluberculosis.  IVsticin  I  was  fba*  a  ''lassi«d  s|x>ntancous  mutation  iuvolv- 
also  found  to  Is-  active  against  certain  strains  of  *n^  'dmnge  <,,u>  l,n,l*“rty  at a  1°"’  nite.  Low 
Escherichia  coli,  strain  A 12,  but  not  strain  Java,  ,,u,tati,m  «f  "tlicr  pn>|»erti.**, 

ami  some  P.  peslis  isolab's  which  also  prmliice  aa  strvptonij  rin-rvsistance  (( larls-r,  NoIm-I, 

pesticin  I.  A  number  of  E.  coli  strains  produce  a  a,M*  ^  amuso,  1®*^)*  an>  evidence  against  a 
substance  which  also  inhibits  the  growth  of  Kvncral  chromosomal  instability  such  as  that 
strains  A12  and  Jara;  the  activity  of  this  sub-  associated  with  mutator  genes.  An  interesting 
stance  is  de|tenden|r  U|sm  'the  presence  of  high  Possibility  is  that  virulence  may  lx*  under  cyto- 
concentratioffl  ot’Ca4"*1.'  •  1  *  plasmic  or  episomic  control,  as  suggested  by 

The  activity  n^both  |x?sticins  is  inhibited  under  f 1  0®**#)- 

anaerobic  conditions  or  in  the  presence  of  anti-  Episomes  are  genetic  determinants  which  may 
serum.  The  activity  of  pesticin  I,  but  not  [>esticin  exist  either  as  |>articlcs  integrated  on  the  chromo- 
II,  is  suppressed  by  Fe444,  hemin,  certain  hemin-  somi*,  or  as  autonomous  units  callable  of  inde- 
containing  proteins,  Mg44,  arid  inorganic  phos-  pendent  replication  in  the  cytoplasm  (Jacob  and 
phate.  Suppression  of  {lesticin  I  activity  by  tollman,  1958).  Temperate  phage  genomes, 
Fe444  can  lx;  reversed  by  the  addition  of  either  bacterial  sex  factors,  ami  bactcriocinogenic 
Ca44  or  Sr44  or  by  metal  chelating  agents.  All  determinants  were  originally  descrilxd  in  the 
tested  strains  of  P.  peslis  ami  P.  pseudotubercu-  definition  of  the  term  cpisomc.  The  existence  of 
losis  produce  a  metalxilite  which  suppresses  the  prophage  or  bacterial  sex  factors  in  P.  peslis  has 
activity  of  pesticin  I.  The  activity  of  this  sub-  no^  'willed.  Therefore,  a  study  of  the  bac- 
stance,  termed  |x*sticin  I  inhibitor,  is  enhanced  by  teriocin-likc  sulwtancc  termed  |x*sticin  by  Bcn- 
Fe 1 1 1 ,  and  to  a  lessor  extent  by  Mg44  or  bv  biirion  and  Hcrtman  (1958)  ami  its  determinant 
inorganic  phosphate;  its  activity  is  suppressed  by  was  initiated.  Pesticin  is  active  against  all  tested 
Mn44  and  by  protamine  sulfate*.  tvj«  I  (Thai,  1954)  strains  of  P.  pseudotuberculo- 

si*  (Burrows  and  Bacon,  1960)  and  against 
certain  noniiesticiriogenic  mutants  of  P.  peslis 

A  differential  plating  medium  containing  Mg44  isolated  by  Hertman  and  Ben-Gurion  (1958). 
and  oxalate  is  selective  for  avirulent  mutants  of  One  purixise  of  this  jiajier  is  to  describe  a 
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m-nml  Uictcriociu-likc  Mtilwlnmi1  (pcsticin). 
Also,  in  this  study  which  emphasized  tlx*  role  of 
tlio  rather  than  their  determinants,  we 

found  that  ivrtain  environmental  conditions, 
wliieli  affect  the  growth  or  vinilenee  of  /*.  pintie 
ami  /*.  fmeiiilntnhrirnlnti*,  also  influence  the 
activity  ot  lioth  |N*sticins. 

MATMtlAL*  AN II  VIKTIIOOS 

Stark  vulture*.  The  virulent  l*.  /»  »(n  strain 
I  *o«  nia  ami  its  a  virulent  mutant  Ox/l\  isolated 
on  the  magnesium  oxalate  agar  (M(iOX)  of 
IliKUehi  ami  Smith  (I9H0).  wen*  usist  in  the 
majority  of  ex|ieriuients.  The  avimlent  / \  /iridi* 
strains  .lava  ami  AII22  were  obtained  from  the 
Naval  Hiologieal  Ldmmtnries,  Oakland,  Calif. 
/*.  /*■*':*  strain  A12  is  a  eolony- isolate  of  strain 
All 22.  The  avimlent  /*.  f**ti*  strain  OX/W 
was  isolated  from  the  vinileut  strain  Washington 
liy  solt*etion  on  MtiOX.  'Hie  virulent  tyja*  I  /'. 
p*euitotiibernila*i*  strain  I’lll  /  +  ami  its  avimlent 
mutant  Pill/-  were  kindly  supplied  by  T.  W. 
Hurmws,  Microbiological  Uesenrrh  Establish- 
nient,  Portnn,  Salisbury.  Falkland.  Single  reprv- 
sentative  strains  of  /*.  /**r  udotuhrmiloei*  ty|**s  1, 

II.  Ill,  and  V  (Thai.  1954)  were  obtaimxl  from 
the  collection  of  W.  Knapp  thmiiKh  the  courtesy 
of  S.  F.  (Quun,  San  Fram  isin  Field  Station, 
Calif.  E*rherirhia  and  Shigella  s|iecios,  producing 
HI  separate  I’olieines,  ami  tin*  universal  colicinc- 
indieator  E.  rati  wen*  generously  provided  by 
P.  Fredericq,  Cniversite  de  I,i<*gc,  Belgium. 

Media.  All  cultures  wen*  grown  for  24  hr  at  2(1  C 
on  slants  of  Difm  Wood  Altar  Hast*  (Difm 
Lalioratnrics,  Detmit,  Mieli.)  plus  0.1  ‘  o  glucose 
and  O.CM'o  Xa?SO,  (ItAlt).  HAH  supplemented 
with  0.01  u  CaCI.  was  employed  in  preliminary 
studies  mneeming  the  activity  of  (lesticins. 
(Quantitative  detemiinations  of  the  reagent  con¬ 
centration  mss-ssary  for  suppn*ssion  or  enhunce- 
inent  of  the  activity  of  pesticins  wen*  |>erformed 
on  a  medium  (XZAA)  csini|ssssl  of  2'i.  N-Z- 
Amine,  typt*  A  (Sheffield  lYmlurta,  Inc.,  Nor¬ 
wich,  X.  Y.),  0.H5' ,  Oxoid  Iona  gar  No.  2  (Con- 
solidatid  Laboratnrii*s,  Inc.,  Chicago  Heights, 

III. l,  and  0.04' i  XujSOi.  Hemin,  FeClj,  KiHlX),, 
and  sodium  citrate,  when  added  to  NZAA,  wen* 
autoclaved  in  the  medium.  Concentrated  CaClj 
ami  XajSOj  solutions  wen*  autoclaves!  separately 
and  added  ascptically.  Tlie  media  wen*  ailjust«*d 
to  pH  0.7  with  1  s  NaOH  or  HCI  liefore  sterili¬ 
zation. 
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TAHI.K  I.  Effect  of  rarimi *  reiii/rut*  tut  the  artieilft  of 
/’/,  /*//,  a  Hit  I'li  a*  determined  qualiUtitrlq  hp 


the  miMliJied 

rro**-*treak  method 

(*n«x  ml  rat  i* mi 
IrtlH 

Unt  m  activity" 

Knmi 

PI  MI 

PH 

XII, Cl,  XaCI,  KCI 

1.0  w 

0  0 

0 

MgCV  ^ 

!.()  M 

S  O 

K 

CuCI,' 

1.0  VI 

.  KK  KE 

0 

SK’I* 

1.0  VI 

KK  KK 

s 

ZnCb 

0.01  VI 

0  0 

0 

MnCV 

0.01  M 

0  0 

ss 

Fc<V 

0.01  M 

SS  0 

KE 

llcniiii’ 

0.01  VI 

SS  0 

0 

Hemoglobin. 

Myoglobin 

a. O' , 

S  XT 

i  * 

(1 

Ferritin 

i.w; 

o  xt  ; 

s 

Kjll  It), 

0.2  vi 

S  0 

K 

Antiserum 

t'ndiluted 

SS  SS 

XT 

(PBI/  +  ) 

Xomial  serum 

Cndilnted 

0  0 

XT 

Citrate,  Tartrate 

1(1  VI 

K  0 

S 

o/o'dipyridyl 

Saturated 

K  XT 

SS 

O-phenantliroline 

Saturated 

K  XT 

ss 

Ca-KDTA 

fix; 

K  XT 

ss 

Deoxyribonu¬ 
clease,  ribonu- 

0-1' , 

o  :  o 

0 

dense 

Lysozyme 

I  .O'  i 

0  0 

0 

Protamine  sulfate 

1.0', 

0  0 

ss 

Catalase 

0.1', 

0  0 

XT 

Trypsin 

i.o- ; 

i  ss  :  ss  i 

XT 

*  (S)  suppresses  activity;  (SS)  strongly  sup¬ 
presses  activity;  <K)  enhances  activity;  (KK) 
strongly  enhances  activity. 

*  Suppresses  growth  of  virulent  cells  at  37  C  in 
the  absence  of  Cu**  (Higurhi  et  al.,  1950). 

'  Xcccssary  for  growth  of  virulent  cells  at  37  C; 
may  Is*  replaced  by  Sr'"’  or  Zn+*  (Higurhi  et  at., 
19501. 

*  Reverse  glucose  toxicity  of  viralent  cells 
(Wessmnn,  et  at.,  1(158). 

'  Knhances  vinilenee  of  certain  Ma-pigmented 
strains  of  l‘.  petti*  ill  mire  (Jackson  mkI  Burrows, 
1050). 

Artirity  of  pestirin*.  The  inhibit*  ary  or  enhanc¬ 
ing  effect  of  various  reagents  on  the  activity  of 
|w*sticins  was  qualitatively  determined  by  use  of 
a  modification  of  the  cross-streak  method  of 
Fredericq  (i948).  A  2.0  X  0.5  inch  i4rip  of  type  A 
glass  filter  |hi|mt  (Cielman  Instrument  Co., 
Chelsea,  Mich.)  was  soaked  in  n agnt  solution 
ami  placed  across  a  streak  of  growth  previously 
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develojied  on  BAH,  BAB  plus  0.01  M  CaCl*,  or 
NZAA  for  24  hr  at  28  C.  The  plate  wan  then 
sterilised  with  chloroform  va|mr,  over-layered 
with  5  ml  of  seedcd-agar  medium,  and.  after 
incubation  for  48  hr  at  37  C,  the  effect  of  cross- 
diffusion  of  reagent  and  pesticin  on  the  growth  of 
the  indicator  strain  was  noted. 

Quantitative  determinations  of  the  effects  of 
CaCl-,  FeCL,  and  hemin  on  jsuticin  activity  were 
performed  on  NZAA  by  use  of  the  double  agar 
layer  technique.  A  drop  of  a  sus|M*nsion  contain¬ 
ing  10*  OX/P  cells  |>er  ml  of  0.033  M  phosphate 
buffer,  pH  7.0,  was  placed  on  plates  containing 
25  mi  hardened  NZAA,  or  NZAA  containing 
either  0.1  u  sodium  citrate,  or  0.025  it  PO*  . 
or  both.  After  incubation  for  48  hr  at  28  C,  the 
{dates  were  sterilised  with  chloroform  vnjior,  and 
the  developed  colony  was  overlayered  with  5  ml 
of  seeded  NZAA  containing  various  dilutions  of 
CaClt  and  Fed*,  or  CaCl*  and  hemin.  After 
incubation  of  the  indicator  strain  for  48  hr  at 
37  C,  the  ratio  of  reagents  which  permitted  |>ar- 
tial  or  complete  inhibition  of  growth  adjacent  to 
the  producer  colony  was  recorded.  It  should  he 
noted  that  in  order  to  differentiate  between  the 
effects  of  Cat'U,  FeClj,  and  hemin  on  pesticin 


|vofc.  82 

production  and  |**stiein  activity  theta*  reagents 
wen*  added  only  to  the  up|>er  agar  layer.  .Sodium 
citrate  and  K*H1>0»  wen*  addtsi  to  the  basal 
agar  layer  since  these  magenta  do  not  affect 
(testicin  {traduction.  Diffusion  into  the  basal 
layer  yields  a  reagent  concentration  ^  1:6  of 
that  originally  added,  however,  ail  figures  relate 
to  the  original  CaCl*,  FcClj,  and  hemin  concen¬ 
trations  employed. 

Reagents.  Reagent  grade  chemicals  were  used 
in  all  e.\|H*riments.  Rabbit  antisera  wen*  supplied 
by  W.  Lawton.  Vitamins  were  obtained  from 
Nutrition  Biochemicals  Cor{>oration,  Cleveland, 
Ohio.  Hemoglobin  (bovine),  myoglobin  (equine), 
and  ferritin  (equine)  wen*  received  fntm  Pentex 
Incorporated,  Kankakee,  III. 

RKSULTS 

In  preliminary  studies,  ill-defined  and  only 
{tartiallv  cleared  zones  of  inhibition  were  ob¬ 
served  surrounding  |testicin-|iraducing  colonies  on 
BAB.  However,  we  found  that  by  adding  0.01  M 
CaCl*  to  BAB,  clear  and  sharply-defined  zones  of 
inhibition  could  lie  obtained.  Kmploying  this 
nu-diunt,  80  virulent  and  avinilent  strains  and 
substrains  of  P.  perti s  wen*  screened  for  iiesticin- 


FMJ.  1.  The  effect  of  rarione  reagent e  on  the  atlinly  of  PI  (top  rote)  ami  Pit  (bottom  com)  tented  by  the 
modified  emnn-xtreak  method.  A,  Tryprin  U.ff  ", );  B,  Antieernm  (PHI/+):  C,  FeCI 3  (0.01  a)  all  aeeayed 
on  HAH  pine  0.01  M  Ca **;  D,  <'aClt  (1.0  m)  aeeayedon  HAH  containing  0.001  M  Fe**’"  in  the  top  agar  layer. 
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pnxlurtion.  In  addition  to  strain  TRl\  ptvvi- 
hukI.v  re|x>rtcd  to  lx*  mm-|x*sti*in*igvnic  (Hen- 
(iurion  uimI  llcrtuuin,  1958),  we  found  that 
strains  AI2  uimI  Java  also  fail  to  product*  |x*sticin. 

Fedirin  II.  Unlike  strain  TRl\  xtrainx  AI2 
and  Java  an*  sensitive  to  a  xccond  Ixtcteritxdn- 
like  xulxdnncc  pnxlncrd  by  all  U*xte«i  xtrninx  of 
/’.  pseudotuherrulosi*  ami  F.  pent  it  including 
xtrain  TKl*  anil  the  AI2  and  Java  xtrainx  them- 
xelvex.  This  new  activity  ha*  I«vu  termed  jN  sticin 
II  (I’ll)  ax  op|KiMx|  to  the  activity  dexcribetl  by 
Hen-Ciurinn  and  Hertnuin  which  will  lx*  referred 
to  ax  |x*xticin  I  (I'l).  Strain  A 12.  but  not  xtrain 
Java,  ix  alxo  xenxitivi*  to  IM.  Certain  pni|x*rtii*x  of 
I’ll  an*  xiniitnr  to  thoxe  prevniusly  dexcrilxxl  for 
PI  (Iteii-Curion  and  ilertman,  1958).  For  ex¬ 
ample:  Ixith  |x*xticinx  an*  destroyed  by  try|isin; 
activity  ap|x*arx  in  cultun*  xii|x*matantx  follow¬ 
ing  the  induction  of  lysis  by  ultraviolet  light;  and 
their  activity  an*  teni|x*ratun*-de|x*inlont  and 
not  tranxferable  by  xuli-cultun*. 

Arlirihj  of  FI  and  Fll.  Hie  effect  of  (  V*-  and 
other  n*agi*ntx  on  the  activity  of  Ixith  |x*xticinx 
wax  qualitatively  assayed  on  HAD  and  on  RAM 
plux  0.01  II  CaClj  by  uxi*  of  the  mixlificd  cniss- 
xtn*ak  ti*xt.  PI  activity  wax  determined  by  em¬ 
ploying  F.  pedis  OX/P  ax  the  pnxluccr  xtrain 
ami  F.  pnrndotubcmdosi s,  xtrain  PHI  /  +,  ax  the 
indicator.  whcn*ax  PHI/+  wax  uxed  ax  the 
pnxluirr  xtrain  with  xtrain  Java  ax  indicator  in 
xtudiex  of  I’ll  activity.  Tin*  concentration  and 
effect  of  the  reagents  tested  on  the  activity  of  PI. 
I’ll,  and  I’li,  an  inhibitor  of  PI  dcxcrilx>d  lx*k*w, 
are  illuxtratixl  in  Tabk*  I.  In  addition,  a  sum¬ 
mary  ix  given  in  Table  I  of  the  cffi*ctx  of  some 
reagentx  previouxly  xhown  to  affect  the  growth 
and  virulence  of  F.  pedis.  It  wa*>  found  that  Ca++ 
and  Sr++  strongly  enhance*!  the  activity  of  Ixith 
|x*xticinx.  Fe+++,  hemin,  ami  t«i  a  lesser  extent 
Mg++  «ir  inorganic  idmsphate  suppressed  the 
activity  <if  I’l  but  not  I’ll,  even  in  the  presence 
of  0.01  u  CaH.  Again,  Ixith  the  hcmin-containing 
proteins,  hemoglobin  ami  myoglobin,  suppressed 
tin*  activity  of  PI  but  not  I’ll.  Ferritin  had  no 
apiKircnt  effect  at  the  concentration  teste* l .  PI 
and  I’ll  activity  wax  not  inhibited  by  catalase. 

Thiamin,  rilxiflavin,  pyridoxal  chhiri*!**,  nico¬ 
tinic  aei«l,  pnntothenic  acid,  biotin,  and  folic 
acid  hail  no  effect  (in  saturate*!  or  0.01  ‘  <■  solu¬ 
tions)  on  the  activity  *if  |x*stiein.  'Hie  activity  of 
Ixith  |x*stieins  wax  not  significantly  affected  by 
10  amino  acids  or  by  10  additional  metallic  cat- 
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Minx.  Neither  PI  nor  PII  wax  active  umier  any 
t«*xt  comlition  when  the  indicator  xtrainx  were 
inculiated  anaerobically  in  a  Hn*wer  jar. 

Antisera  prepared  against  I*,  pedis  xtrainx 
Alexander,  M4I.  M23.  KV7H,  TS,  Till'  ami  F. 
pttudoiuberrulons  xtrain  1*141  /  +  neutralise*!  the 
activity  of  Ixith  |M*sticiux.  Normal  serum  dkl  not 
exhibit  a  neutralising  effect.  Since  strains  TRU 
and  PHI/  +  do  not  produce  PI,  it  is  |irobahle 
that  neutralization  ix  mit  due  to  an  antibody. 
Inxt**ad,  antilxxly  may  Ix*  directed  against  the 
I’l  adsorption  site  or  xulixtratc,  a  situation  simi¬ 
lar  to  thut  drscnlx**!  by  Itordet  (1948)  for  certain 
rolicinc-xcnxitivf  xtrainx.  Figure  1  illustrates  the 
effects  of  trv|ixin.  antiserum.  Fe+"M‘,  ami  Ca++  on 
the  activity  of  PI  ami  PII. 

'Hu*  Ca4-*  concentration  neinwary  for  the 
eu!ian*ement  of  PII  activity  was  determined  by 
using  Pixina,  Java,  ami  PR1/  +  ax  |iroducer 
strains,  E.  roll  $  as  a  control,  ami  Java  ax  the 
indicator  xtrain.  After  sterilization  of  the  de- 
velo|x*d  coloni**x,  grown  on  HAH,  the  platen  were 
civerlavered  with  s**»*ded  HAH  containing  2-fold 
dilutions  of  CaC’U.  Activity  was  recortled  by 
measuring  the  distance  from  the  edge  of  the 
pnxluccr  colony  to  the  edge  of  the  zone  of  inhibi¬ 
tion.  Unexjiectedly,  we  found  that  the  non- 
colicinogenic  xtrain  E.  roii  also  produced  an 
activity  which  slightly  inhibited  the  indicator 
xtrain  at  a  CVM'  concentration  of  0.037  n.  At 


TABI.E  2.  The  effect  of  Ca**  on  the  inhibition  of 
growth  at  37  ('  of  Fastrurrlla  pestis  at  rain  Java 
ft;/  various  bacterial  species 


Added  CatV 

P.  ftOii 
Poona 

Producer  mm* 

F.  Pt »/•* 

F. 

f«**rrr»/#ti,  J 

P®1  + 

5.  rWi  - 

M 

mm 

mm 

Ml 

MM 

0.000 

N.t«.' 

N.t;. 

x.t;. 

N.t;. 

0.350 

12 

12 

12 

12 

0.150 

10 

10 

10 

8 

0.075 

8 

8 

7 

4 

0.037 

ti 

0 

5 

1 

0.018 

5 

4 

4 

0 

0.000 

4 

2 

2 

0 

0.004 

4 

2 

2 

0 

0.002 

4 

2 

2 

0 

0.001 

4 

2 

2 

0 

"  Contained  in  the  top  layer  only. 

*  Measured  from  edge  of  producer  colony  to 
edge  of  zone. 

'  (N.(5.)  No  growth  of  indicator  strain  Java.  • 
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Ca+*  concentrations  of  0.3  M,  the  xone  si  to  sur¬ 
rounding  tho  E,  coii  $  colony  was  equal  in  si*e  to 
the  tom's  surrounding  tho  colonics  of  strains 
Poona,  Java,  and  1*111/ +.  The  results  of  this 
titration  am  given  in  Table  2. 

Subsequent  investigation  of  22  additional 
strains  of  E.  coii  indicated  that  17  inhibit  the 


growth  of  the  I’ll  indicator  strains  A 12  and 
Java  in  the  presence  of  0.2  M  but  not  0.01  M 
CV"*.  No  inhibition  was  observed  when  strain 
At  122  nits  tested  under  identical  conditions.  At 
0.2  H  Ca++,  a  single  tested  strain  of  Shigella 
botjdii  also  inhibited  the  growth  of  strain  A 12 
but  not  A1I22;  however,  tests  of  a  limited  nuni- 


31  - 

J — i — i — i — i — 

10'*  O'*  K>-*IO-J  O'*  O'1 


'OOOt- 


2  900- 

3 

5*90- 

2 

X  1*9- 
u  - 
31  - 

- jgl  I— 1  JL. . i . 

10  *  I0*1  O'*  w1  o*io" 


Co++(M)  Co++(M) 


NZAA 


*  l*9f- 


•t  - 
31  - 

■s' — I — • — I — I — 
mj-*  or,«r*o*,»‘,o*' 


W*Kr*0*  or’  KT'lO-' 


Ca+*m  Co++|M) 


NZAA  ♦  Cilrala 


O'*  10  *  O*  0*0'*  10  ' 
Co++(M) 


I  O'*  O'5  lO^IO’lO^tO 

Co++(Ml 


nzaa  ♦  po4= 


KEY: 


NO  PI  ACTIVITY 


i0"*i<r’  o'*  o*J  i<r2iO'1 
Ca++,M) 


IO-*iO'5  0**0' JKT*  0“ 

Co++lM) 


NZAA  +  r04=and  Citrate 


PARTIAL  PI  ACTIVITY 


COMPLETE  PI  ACTIVITY 


Pli  ACTIVITY 


no.  2.  The  influence  of  /'a**  pin*  fV4'**,  anri  ('a *"*■  pin*  hemin  (contained  in  (he  top  ni/nr  layer),  anil  0.1 
M  mnlinm  citrate.  O.t  M  xmlimn  citrate  pin*  0.026  M  inorganic  phimphate  (contained  in  the  baxal  agar  layer), 
on  the  activity  of  PI  at  37  ('.  Pa*tenrella  pe*ti *  OX/P  tea*  employed  a*  the  pnntnccr  drain  and  P.  pxeudn- 
tnhercnloxi *  drain  PHI/+  ira*  u*ed  a*  the  indicator. 
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nu,  it.  The  effect  of  rarianm  reagent*  an  the  activity  of  /*/  ami  i‘li  tented  am  XZAA.  A,  Xa  addition;  ft, 
'.I  M  Ca**  (tap  layer)  plan  760  p*  Ft ***  (lap  layer)  and  0.8  M  citrate  (tap  layer);  (’,  O.OiS  s#  P0“  ( banal 
ayer);  1).  O.OiS  M  Id),'  (banal  layer)  and  0.8  M  citrate  (tap  layer);  K,  0.1  M  t'a"  (top  layer)  and  7 SO  pM 
•V***  (tap  layer);  V,  7 SO  Ft'"  1 tap  layer). 


x*r  of  Salmonella  s|x*eies  ami  other  Shigella  wen* 
h  native.  The  activity  exhibited  by  E.  coli 
drains  is  also  sensitive  to  tn-pain.  Testa  concerti¬ 
ng  imluetion  by  ultra-violet  light  were  not  |x*r- 
ormcd  on  this  s]x*eii*s. 

It  seemed  di*sirnblc  to  determine  the  quantity 
if  imn  anil  liemin  which  ia  n*quin*d  to  suppn*ss 
the  activity  of  PI  in  the  presence  of  Ixith  high 
inti  low  concentrations  of  Ca44.  XZAA  waa  usixl 
for  thia  punxwe  since  thia  niciliuni  n*quin*s  no 
added  Ca44  to  supiairt  activity  of  PI.  The  n*aulta 
of  pnditninary  titrationa  imlii-ated  that  tin- 
activity  of  PI  was  suppn*saci|  in  the  presence  of 
inorganic  |>iiosphatc  anil  enhanced  in  the  pn*senee 
of  siKliuni  citrate;  Fe44  hail  little  effect  suggest¬ 
ing  that  this  metal  may  lx*  active  only  after 
oxidation  to  Fe444.  Thcn*fnte.  the  final  titrationa 
cuin|Kinil  the  effects  of  Fe444  anil  Ca44,  or 
hcmiii  anil  Ca44,  in  the  pn*semi*  anil  alwenii*  of 
inorganic  phos|ihate  anil  sixlium  citrate.  The 
n'sults  of  thesi*  cx|x*riments  an*  illustrated  in 
Fig.  2.  With  the  exception  of  the  plati*s  contain¬ 
ing  liemin  ami  citrati*.  partial  or  complete  activ¬ 
ity  of  PI  was  always  nliservcd  in  the  presence  of 
10~'  si  but  not  HI-’  si  (V4  when  the  medium 
contained  4.000  g.M  Fe444  or  hentin.  At  a  (’a44 
concentration  of  10“‘  SI,  2,000  fi.M  Fe*  ‘  *  was 
n*quin*d  to  suppress  cnmpk'tely  the  activity  of 
PI  in  the  presence  of  sixliam  citrate,  but  only 
123  |iM  Fe444  suppressed  activity  in  the  pn*senro 
of  inorganic  |ihosphatc.  Sixlium  citrate  ami  in¬ 


organic  |ihna|ihntc  showed  no  significant  effect  on 
the  plati-s  containing  hemin.  Some  typical  plates 
exhibiting  complete  and  ixtrtiul  activity  of  PI 
an*  illustruti-d  in  Fig.  3. 

Fenlirin  /  inhibitor.  A  ]x*culiar  protective 
phenomenon  was  observixl  in  the  above  titra¬ 
tions  when  media  lacking  citrati*  wen*  employed. 
As  illustruti-d  in  fig.  3K,  then*  was  growth  of  the 
indicator  strain  over  the  pnxlucer  colony  which 
was  surrounded  by  a  ring  of  inhibition.  Indicator 
colls  sulx-ultunxl  from  colonies  growing  within 
the  central  an*a  of  growth  rv maims!  si*nsitive  to 
PI.  We  assumed  that  the  lack  of  inhibition  of 
growth  in  the  immediate  vicinity  of  the  pnxlucer 
colony  was  due  to  the  action  of  u  motnlxditc 
which  suppressed  the  activity  of  PI.  As  shown  in 
Fig.  4,  the  activity  of  this  substance,  termed 
Pcsticin  I  inhibitor  (l’li),  is  iic|K*ndcnt  u|xm 
small  iximx*ntrations  of  Fe444  or  the  pn*si*ms*  of 
inorganic  phixiplmte  and  the  alwenoe  of  sixlium 
citrate.  A  ixim*s|x»nding  inhibitory  activity 
dins*tisl  against  PI  I  was  not  oliscrved. 

PI  hus  an  isix?li*etrir  jxiint  of  7.5  as  deter- 
mimsl  by  use  of  the  Heckman  continuous-flow 
curtain  electrophoresis  apixiratus  (Heckman 
Instruments  Co..  South  Pasadena.  Calif.).  When 
1*1*11  extracts,  pn*pan*d  by  the  Fn*nch  pn*ssurc 
ii*ll,  an*  adjusted  to  pH  4.7,  PI  is  pn*cipitated, 
pn*sunuibly  as  the  nudeati*.  ami  Pli  activity 
n*mains  in  solution.  If  the  acid-insoluble  matter 
is  n*moviil  by  n*ntrifugution.  ami  dissolved  in  a 
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rui.  4.  The  effect  of  rarioux  reayentx  an  the  act  icily  af  f‘fi  lexletl  hy  the  nantijieil  craxx-xlreak  methtnl.  A. 
MnCt.  ( 0.01  Ml;  B,  CaKDT.l  (I  .Vi  1;  (’.  Mali  am  citrate  l/.O  Ml;  I).  .1/ yt  7.  (1 .0  Ml;  K,  Saline  tn.fW  ,  i  can 
teal. 


neutral  buffer,  a  dramatic  inerrase  of  IM  titer  is 
oIimtvmI  U|miii  sulisequent  testing  with  the 
method  dcscrilieri  by  Ben-Gurion  and  Hertnmn 
(195K).  If  the  acid-soluble  friction  is  neutralized 
and  added  liaek  to  the  acid-insoluble  friction, 
the  PI  titer  returns  to  that  originally  nltscrvcd. 
These  olrservations  will  Ire  dealt  with  inon>  fully 
in  a  subsequent  communication.  The  purjiose  of 
describing  this  ex|ierinient  hen*  is  to  demon¬ 
strate  that  Pli  is  an  acid-soluble  sulrstancc  which 
reversibly  inhibits  the  activity  of  1*1. 

By  use  of  the  modified  cross-streak  method  of 
Fredericq  we  found  that  all  t«*st«*d  strains  of  /*. 
pcxtix  and  I‘.  i>miitlatnbercnla*\*  produce  Pli 
activity  when  grown  at  2b  ('.  At  JIT  (\  /*.  /rsrw/o- 


tiiherciilon *  stmins  nf  four  semty|>cs  (insluce  |*li 
including  the  |>estiein-scnsitivc  stmins  I’lil/ +. 
1*111/  — ,  and  the  Type  I  stmiu  nf  Tlial.  /*.  ftentin 
gmws  (MMirlv  *m  NZAA  at  JIT  C\  therefore.  PI; 
production  by  this  s|>ecirs  was  not  determine* I  at 
elevated  t«,m|s,ntun*s. 

Tin*  effivt  of  a  numlrer  of  n-agents  on  the 
activity  of  Pli  was  determined  by  its*1  of  the 
modified  cross-streak  method.  A  Irasni  layer  of 
NZAA  and  a  t*»p  layer  of  NZAA  containing  0.1 
M  Ca++  an*l  730  a-M  Fe  *"*“*■  were  iis*sl  in  all  tests. 
The  results  of  these  experiments  are  shown  in 
Table  1.  In  addition  to  ritritc.  it  was  found  that 
tartrate,  ladciuni-cthylcni-riiaminctctrnni'ctic  acid 
(C’a-KI>TA).  Sr‘M\  Mn++,  and  protamine  sulfate 
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lihihitetl  flic  nativity  ni  I'li.  Fc*  ‘  *  mix  I  (>>  a 
«*»er  tlejtn-e  Mu**  ami  inoricnnic  |dni-|>hatc 
-nham-etl  tin*  activity  of  1*1  i.  (Tv»tnllim-  «|en\y- 
•iltnmiclea-e.  ril-mm-len-c.  catala-e,  ami  <nn 
white  IVMisyim*  hail  mi  dIntviiIiIc  effect.  The 
-lielutiiiK  am-nt-  a.  uMi|iyniiyl.  1 1  |ih'-nanthn>- 
•ilie,  ami  ('a-Kl)TA  t-nlium-etl  tin*  activity  ni  I’l 
when  te-ti-l  mi  IVc'IIIIUlhly.  tllix  effect  i- 

iIiii-  tn  the  removal  of  in  hi.  tint-  inhihitititf  the 
activity  of  I’li.  The  effect-  of  Mii**,  t'a-F.DTA. 
-ntliiim  citrate,  ami  Mtt**  mi  the  activity  of  I’li 
an-  illii-tmti-l  in  Kite.  4. 


TVHl  K.t.  1‘mlino  Imrlt 

tiHfH 

tub  n 

f  fiihttHKh 

I/I* 

-train 

POMltti  lt*Mt 

N-BMlit  ||> 

PI 

ni 

ft 

I’ll 

/‘.  /-*/i*  iwiltl  1  y |m*  i 

+ 

+ 

<1 

II 

/*.  /-a/I*.  I'WTJ,  "I’WIH. 

I*\v:«» 

a. 

+ 

+ 

II 

/-«/!*  A 12 

it 

+ 

+ 

+ 

/'.  /—*/#*  Java 

0 

+ 

II 

+ 

/*.  /—  a/l'a  Tltl’ 

0 

+ 

<1 

II 

/’.  /#a#  nr/fi/il/-  rroln*i* 

II 

+ 

+ 

II 

•  Ty|n-  li 

/*.  mint  til*  t  rnht*t* 

II 

+ 

II 

II 

T>|.e  III 

E.  roll  $ 

II 

i 

+ 

II 

/Vaftr««t  mhrm* t.  Sim a-  -train-  Java  ami  AI2 
Imth  |in»lmv  1*11  ami  an-  -cn-»tivc  to  thi-  «iile 
-tam-e.  it  Max  of  inten-xt  to  iletennim-  if  a  -imilar 
lilicmHiifmMi  ai-iin  in  tin-  iw  of  1*1 .  Tlten-fon-, 
.'ill  colonic-  of  tin-  avinilent  /*.  /-«/»*  strain 
t  *\  W  wen-  picker  I  fnmi  HAH  plate-  |*vviou-ly 
im-ulxiti-l  for  4h  hr  at  2»4  C.  T|*>n  -ul— pM-nt 
ti~»tii»«  liy  the  ilmihli-  near- layer  tia  himim-,  em- 
I >li iy i iiit  HAH  plu-  0.01  vi  (‘a**,  we  fmiml  tliat 
all  nil  pn-lilcerl  1*1;  however,  three  of  tin—*, 
-.train-  I»\VI2.  l*\Vls,  ami  |»\V:«».  wen-  al-o 
M-n-itive  to  1*1.  All  pn-lucc.  hut  an-  not  -r-n-itivc 
to.  I'll.  I.iiniti-il  attempt-  !<•  olitain  mutant-, 
which  Imtli  pn-lucc  ami  an*  -cn-itivc  to  I’l.  fnmi 
-train-  other  than  I IX  \\  have  not  I— -n  -m-cc— - 
fill. 

Hurmw- ami  Hucnn  (HNiOi  itcmnn-tratcrl  that 
tym-  II  -train- of  /’  /» uiIoIhIh rrulimia  wen-  not 
inhihiteil  i»y  I’l .  in  tlii-  »*mly.  we  fmiml  that 
Mimic  n-pn-r-entative  ty|»e-  II.  Ill,  ami  V  -train- 
of  /*.  imrinlittiilumiliuiin  wen-  not  -en-itive  to  1*1 ; 
however,  a  innnU-r  of  E.  #•«/»'  -train-,  incImlitiK  E. 
roli  <t.  wen-  inhihiti-l  hy  tlii-  activity.  S-n-itivitv 
to  colicim--  It.  I).  1.  ami  SI  wa-  lo-t  hy  four  of 
nine  E.  roli  mutant-  -electiil  for  n--i-tancc  to  1*1. 
The  n-niaininit  five  mutant-  n-taim-l  -cn-itivity 
to  all  Hi  te-ti-l  colicim--.  S-n-itivitv  of  E.  roll 
-train-  to  I'll  wa-  not  oltx-rvi-l.  ami  tin—-  /* 


I'lii.  *i.  I’rmlurtiiiH  noil  arlirity  of  /’/  anil  PlI  a**nijrr1  on  BAR  pint  0.01  si  Ca++. 
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pteudatuberruloti*  strains  which  won*  inhibited 
hy  FI  were  resistant  to  ail  Ifl  tested  rolicine*. 

The  |je*tiein-bacterium  interrelation*hi|>»  «lo- 
srribed  in  thin  |iu|nt  are  outlined  in  Table  3. 
Fife,  ft  illustrate*  inhibition  ni  indicator  strain*  by 
PI  and  PII. 

nisrcsniox 

In  any  test  concerning  the  assay  of  an  anti¬ 
bacterial  substance  by  agar  diffusion,  a  nundier 
of  factors  may  affect  the  sin*  of  the  zone  of 
inhibition.  For  instance,  Linton  (1958)  showed 
that  if  a  sufficient  concentration  of  streptomycin 
is  not  built  up  stain  enough  by  diffusion.  |**rmit- 
ting  a  pojiulation  of  indicator  cells  to  exceed  a 
critical  threshold  of  1.58  X  10T  viable  cells  |s*r 
ml,  no  zone  of  inhibition,  nr  reduction  of  zone 
siae  is  observed  U|mn  further  incubation.  An 
analogous  situation  might  result  upon  the  addi¬ 
tion  of  various  reagents  to  the  pesticin-axsay 
media.  In  this  race,  an  induction  of  a  lag  in 
initiul  multiplication  of  indicator  cells  by  CV-*" 
might  |iermit  the  accumulation  of  sufficient  PI 
or  PII  to  inhibit  the  formation  of  xuiixeqocnt 
visible  growth.  Conversely,  in  the  case  of  PI,  the 
addition  of  Fe+++  might  stimulate  rapid  initial 
multiplication  of  the  indicator  cells  resulting  in 
the  eventual  up|**aranee  of  confluent  growth 
about  the  producer  colony.  In  the  case*  of  PI, 
this  explanation  must  In*  discarded  since  growth 
of  the  indicator  strain  PHI/+  is  initially  en¬ 
hanc'd  by  the  pn*sen<e  of  0.01  si  Ca++  and  is 
slightly  suppressed  by  4,000  gmok*s  Fe'l-M'. 
Sinn*  this  is  the  opposite  efftet  fnmi  that  which 
would  In*  exisehd  if  these  cations  affected  the 
activity  of  PI  by  merely  influencing  growth  rates, 
it  is  apiKircnt  that  more  subtle  mechanisms  are 
involv'd.  However,  growth  of  the  PII  indicator 
strains  A 12  and  .lava  is  markedly  suppress'd  at 
37  <*  in  the  presence  of  0.01  st  t’a++.  This  fact 
suggests  that  the  mechanism  described  above 
a'-countx  for  the  increased  zone  sizes  that  wen* 
ohserv'd  at  high  eon'-entration*  of  Ca'M‘. 

In  contrast  to  PII,  the  substance  produced  by 
most  of  the  t«*st«d  E.  roli  strains  is  not  active  at 
low  concentrations  of  Cu++.  Tire  zones  that  are 
olrservid  when  a  high  (0.3  sj)  c«mc«,ntration  of 
Ca++  is  employed  an*  klentical  in  size,  n*ganlless 
of  the  origin  of  the  antiliactcriul  activity.  There- 
fon\  it  is  probrdile  that  a  chemical  diffen*nc<* 
exists  ls*tw(s*n  the  inhibitory  substance  pro- 
ditce<l  by  the  E.  rati  strains  and  that  produced  by 


th«‘  two  tested  Pa*tenrella  sfiecie*.  It  was  not 
(Missible  to  verify  this  hv|N»thesi*  by  emptying 
PII  resistant  mutants  since  mutations  of  this 
ty|N*  a|>pcar  to  In*  unstable. 

At  least  four  factors  influence  the  activity  of 
PI.  These  an*:  O,;  tem|x*rature;  the  ratio  of  (V* 
to  Fe'M“t';  and  the  presence  of  cationic  sub¬ 
stances  such  as  protamine.  PI,  which  is  a  basic 
protein,  may  exist  as  neutral  pH  as  a  Pl-Pli 
complex,  or  as  a  salt.  The  addition  of  cationic 
suhstam-c*  such  as  MnM‘  or  protamine  would 
then  result  in  a  com|M*tition  between  these 
n*t gents  and  PI  for  Pli.  Thus  PI  might  he  lilwr- 
ated  from  Pli  resulting  in  an  increase  of  anti¬ 
bacterial  activity.  The  influence  of  FC“M',  Mg++, 
and  1*0*  on  the  activity  of  Pli,  and  the  raver- 
sal  of  the  Fe+++  effect  by  CV*"*  is  not  unrk*rst'N«l. 
S|N*culation  as  to  the  s|s*cific  roles  of  these  and 
oth«*r  n*agi*nts  on  the  activity  of  PI  must  indiKh* 
the  |Nw*ihility  tliat  the  four  factors  list's!  alstve 
act  synergystirully.  In  uihlition,  with  the  mcthml 
of  assay  employe'!,  it  is  not  |Mi**ihlc  to  dis¬ 
tinguish  hetwi*en  effis-ts  dm*  to  interference  with 
the  activity  of  the  PI  molecule  as  op|Niscd  to 
effect*  whii-h  may  influence  the  |N>tential  sensi¬ 
tivity  of  the  indicator  cell*.  We  Iio|n*  that  further 
studies  employing  cell-free  systems  may  clarify 
sons*  of  the  rompk*x-intcrrelntinnxhi|»>  control¬ 
ling  the  activity  of  PI. 

I*,  petti*  strains  PUT 2,  PW18,  ami  PW39  troth 
produce  and  an*  inhibit'**!  by  PI.  Similarly, 
strains  Java  anil  AI2  Iroth  pnsluce  ami  are  in¬ 
hibited  by  PII.  This  finding  is  unexi>ertrd  but 
not  unprecedented.  Ryan,  Fried,  and  Mukai 
(1955)  and  Fredcri'n  (195<>)  have  descrilxd 
analogous  situations  for  cniicinugcnie  strains. 

A  l>acti>ri<M-in,  by  definition,  is  active  only 
against  roils  of  a  s|ss-ics  which  is  similar  or 
closely  n*late<I  to  the  bacterium  producing  the 
coiicine  (Fndericq,  1958).  Tlie  similarity  b«*twc<*n 
P.  petti t,  P.  pteudotuberrulotit,  and  c»*rtain 
enteric  Iracilli  with  rrganl  to  phagi*  sensitivity 
ami  common  antigens  has  been  reviewed  by 
Meyer  (1958).  Since  these  organisms  apimrently 
are  related,  the  fact  that  some  E.  roli  strains  are 
sensitive  to  PI  does  not  preclude  the  (rossihility 
that  this  substance  is  a  Irarteriocin.  However,  it 
is  highly  improbable  that  the  activity  pits  lured 
by  the  majority  of  tested  E.  roli  strains,  which 
inhibits  the  PII  indicator  strains  Java  and  A 1 2, 
is  an  almost  ubiquitous  and  heretofore  undis- 
covered  hacteriocin.  If  the  PII  molecule  produced 
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by  /'.  petti*  uliii  P.  pteurlotuherrulrm*  should  In’ 
identical  to  tin*  suits  tniirc  pnalurcd  by  strains  of 
K.  roli,  then  it  would  In-  inappropriate  to  ronahier 
1*1 1  a  lateteiWin-like  sultstanre,  or  |R*stiein. 
Further  study  of  the  pnHlurtion,  chemistry,  and 
gym-ties  of  I’l,  I’ll,  ami  I’li  will  la1  neeessarv  to 
determine  what  rule,  if  any,  these  xiilixtaneex  play 
in  the  pathogenic  prneexs. 
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